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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Patent Application of 

GREENAWAY, A. et al. Atty. Ref.: 124-925 

Serial No. unknown Group: 
Filed: February 19, 2002 Examiner: 
For: THREE DIMENSIONAL IMAGING SYSTEM 

^Kf «j> <^ itjU «lf •kL* «>Li «1# «X* 

1* *X* *X* ^* *I* *y* •y* 

February 19, 2002 

Assistant Comimssioner for Patents 
Washington, DC 20231 

Sir: 

PRELIMINARY AMENDMENT 

In order to place the above-identified application in better condition for 
examination, please amend the application as follows: 
IN THE SPECIFICATION 

Please substitute the following paragraphs in the specification for corresponding 
paragraphs previously presented. A copy of the amended specification paragraphs 
showing current revisions is attached. 

Page 1, before the first line, insert as a separate paragraph: 

This application is the US national phase of international application 
PCT/GBOO/03085 filed 15 August 2000, which designated the US. 



603320 



GRgENAWAY, A. etal. 
Serial No. unknown 

IN THE CLAIMS 

Please substitute the following amended claims for corresponding claims 
previously presented. A copy of the amended claims showing current revisions is 
attached. 

5. The apparatus of claim 3 where the spherical aberration of images associated with 
each diffraction order is arranged to correct for spherical aberration associated with the 
different tiiickness of substantially parallel plates in object space. 
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GREENAWAY, A. et al. 
Serial No. unknown 



Attached hereto is a marked-up version of the changes made to the specification 
and claims by the current amendment. The attached page(s) is captioned " Version With 
Markings To Show Changes Made . " 



SCS:ecb 

1 100 North Glebe Road, 8th Floor 
Arlington, VA 22201-4714 
Telephone: (703) 816-4000 
Facsimile: (703) 816-4100 



REMARKS 



Respectfully submitted. 




Stanley Ciopooner 
Reg. No. 27,393 
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GRSENAWAY, A. et al. 
Serial No. unknown 

VERSION WITH MARKINGS TO SHOW CHANGES MADE 

IN THE SPECmCATION 

Page 1, before the first line, insert as a separate paragraph: 

This application is the US national phase of international application 
PCT/GB0O/Q3O85 filed 15 August 200(). which designated the US. 

IN THE CLAIMS 

5. The apparatus of claims 3 and 1 where tiie spherical aberration of images 
associated with each diffraction order is arranged to correct for spherical aberration 
associated with the different thickness of substantially parallel plates in object space. 
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This invention relates to an optica] system for producing multiple images of an object field, in 
which at least two images are produced simultaneously under different iinagiag conditions. 
The invention has applicability in Selds including optical information storage, in vivo 
microscopy, ophthalmic optics, wavefront ^alysis and the imaging of three-dimensional 
object fields. 

The use of a diffracdon gating combined with an imaging lens to produce identical images 
of an object field in several diffraction orders is Icnown. Phase-only gratings, amplitude-only 
gratings and phase and amplitude gratings may be used to change the fraction of the energy in 
each diffraction order and thus to vary the relative brighmess of each identical imstg^ 

US4849825 and 1185278817 both describe optical pick up systems for an optical disksy&tem 
having a diffnactive element to produce separate images. USS278817 uses the two imases for 
tracking and focus control. US4467188 describes a beam splitter for producing multiifl: 
images and subjecting each to a different oi>dcal pafli len^. 

The imaging of a three-dimensional object using a ^flnou^-fbcal series' is also known. Dy 
this method a sequence of im^es of the object are taken with die optical system focusedion 
different planes in the object field. An alternative approach forms simultaneously a maosK of 
images recorded through a matrix of lenses, each of wfiich provides a different focus 
condition. 

A disadvantage of the 'thiough-focal series' is that because the images axe recorded 
sequentially it is not suited to imaging the three^dimensionai structure of dynamic processes* 
A disadvantage of the second approach is its complex design and that the resoluticna obtained 
is limited to the resolution delivered by the individual lenses in the array, the diameter of 
each of which (thus ima^ resolution) is constrained by the space into which the array may be 
packed. 

International patent application PCT 99/0065 8 describes another three-dimensional imaging 
system. However, a disadvantage of that system is that the optical transfer functions 
appropriate to the images foxzned in diffraction orders located symmetrically with respect to 
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the uxidif£racted beam must suffer equal and opposite distortions compared to the beam in the 
zero oidetr 

The storage of data in duee dimensional, optically readable, storage media i$ also known (S 
Jutamulia and G M Stori, •ITiree-Dimensional Optical IDigital Memory*, Optoelectronics - 

Devices and Technologies Vol 10, No. 3. pp343-360, 2995 and K KobayasW and S S Kano, 
*Multi-Layered Optical Storage with NonKnear ReadAVrite', Optical Review, Vol 2, No 1. 
pp20-23, 1995). These papers review the media and architecture for various three 
dimensianal optical memories. 

In a hi^ performance, near diffraction limited optical system such as accm^octdiskffiagpBfl;, 
all souzces of wavefront abeirations must be consiifeisd. In a standard oocqpaci disilc« ifibe dsta 
layer is covered with a substrate several hundred microns thick, ftopf^ation of li#rt dmiugh 
this substrate (which is essentially a parallel plate) introdhices spbencal aberradoa, increasing 
tfie spot size on the data layer and degrading icsolution. Hiis efiect is overcome in 
conventiional, single layer, compact disk systems by building sfiiaSka^ aberratioB correction 
into ihe objective lens. 

In a multi-layer optical data stomge medium the de^ee of sgbencM aSierratian is dependent 
on the depth of the data layer below tte surface, hence when leading feom eadb^stinct layer 
a different level of spherical aberration correction is required. An abciration-'isoinrecied 
objective lens is therefore not sufficient Several patents on multi-layer optical data storage 
systems^ which rely on a moving lens to focus at different depths, have suggested ^(OSfs toff 
performing 'active* spherical aberration correction. US 5202S75 suggests using a stepped 
block of substrate material which is moved across the optical beam (using a voice coil irator) 
to a position dependent on the layer being read, such that the thickness of material that the 
beam passes through is constant. Other suggestions include a pair of prisms, one of which is 
translated, a rotating disk of variable thickness and movable compensation plates. 

All of these approaches introduce additional moving parts and complexity into the system. 

Accordtog to this invention. An apparatus for producing simultaneously a plurality of 
spatially separated images comprising: an optical system arranged to produce an image 
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associued with a first optical transfer function; a dif&aciion grating ananged to produce, in 
concert with the ojrtical system, images associated with eacli diffiraction order, ancillary 
optical modules cq>erating on in<fividual dif&action orders and means for detecting the 
images, wherein the optical system and diffiaction grating are located on an optical axis the 
diffiaction grating is located in a suitable grating plane and the andllary optical modules 
modiQ^ the optical transfM" functions sussociated witti *e images characterised in that ihe 
optical system and diffraction grating are arranged such ttiat a plurality of object planes are 
imaged and each image associated with a difftaction order corresponds to a different object 
plane.. 

The inv«ition utilises a single lens or multiple lens system witii a diffraction grating and 
ancillary optical modules to produce amultaneously a set of images of die object field in 
which each image in ttie set can carespond to an image of Ae object field leootded under 
different focus conditions but in which the ftdl diamet^ of the lens system is explrated in 
each image in die set For each image in the set, die fiill resolution and depOi of field of fl« 
imaging means is exploited. 

The anciUary optical modules contain optica! elements wlach may ailso produce fifferent 
amounts of spherical aberration in each diffiaction order. This could be used tooonrect for 
spherical aberration in die associated optical system. 

The grating used can be a single dif&action gr^ng or a series of sudh gratings. The gratings 
used may be produced by computer-generated (digitised in space and/or in an^iifude) or by 
analogic (e.g. interferometric) means. 

The present invention allows for Ae optical transfer functions apiropriaie to the images 
formed in different dif&action orders to be indcpHident of, identical widj or comdated to die 
distortims appliciA>le to any other dif&action aider. 

In the following descriptions detectCM* means a detection xdsbds comprising a spatially- 
resolving system sudi as a pixellared array of detector elements e.g. a charge coupled device 
(CCD). For 
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applications where detection of the presence or absence of unresolved targets is required, the 
detector may comprise suitably-positioned, isolated detector elements. 



The invention will now be described with reference to the following figures in which: 



figure 1(a) shows schematically an amplitude-only dif&action grating and figure ] (b) shows the 
normalised intensity cross-section of the zero, +1 and -1 diffraction order images of a point 
source produced when such a grating is used in an imaging system; 

j!: figure 2 shows schematically the use of a dif&action grating to produce multiple images of a 
O single object. 

im 

ijj figure 3 shows schematically the use of ancillary optical modules within each diffraction order of 
;L the optical system of figure 1 . 

figure 4 shows schematically a simple imaging system of the current invention used to produce 
IIJ in-focus images of different object planes at a single detector plane; 



figure 5 shows schematically a simple imaging system of the current invention used to produce 
in-focus images of different object planes within an optical storage medium at different detector 
planes; 



figure 6 shows schematically a simple imaging system of the cxuxent invention used to produce 
in-focus images of different object planes within an optical storage medium at a single detector 
plane. 
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Although the following examples relate to application of the invention in the field of optics, this 
should not be seen as limiting as the general principles of the invention are applicable to other 
wavelengths of electromagnetic radiation. 



Location of Components 

A suitable grating plane would be any plane in which the beam cross-section spans at least 3 
periods of the grating. The ancillary optical modules can be placed anywhere after the diffraction 
grating with the condition that each ancillary optical module intersects and operates on only one 
of the diffracted orders. 

Diffraction Grating 

A standard diffraction grating consists of alternate regularly spaced strips of different 
transmissivity, reflectivity or optical thickness. When the grating is used within an imaging 
system, multiple diffraction orders appear in the image plane in addition to the unscattered zero 
order. Each diffraction order contains the same information about the object field as the zero 
order, though with different levels of intensity dependent on details of the grating construction. 
Figure I shows, as an example, an amplitude grating and the images of a point object formed in 
the— 1, 0 and + 1 diffraction orders, (each order normalised to unit intensity) 

Phase Gratings 

If an aiiq>Iitude grating is used the zero order is always brighter than the -^1, -I and higher 
diffraction orders. The distribution of energy can be adjusted using a phase grating with two 
phase levels. For example, a phase step of n radians can completely eliminate the zero order, 
whilst putting more power into the +1 and— 1 orders, or the phase step can be adjusted to 0.6397C 
to place equal power into the 0, +1 and —1 orders. With crossed gratings the use of more phase 
steps or combined amplitude and phase gratings can be used to adjust the intensities of the 
multiple diffraction orders. 
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The Invention 

Referring to figure 2, an optical system (1), which may comprise a single lens or a multiple lens 
system, is designed to produce an in-focus image of an object (2) on the optical axis (3) in the 
normal focal plane. A diffraction grating (4) which is added to the optical system (1) produces 
additional images of the object (2) in the normal focal plane in its non-zero diffraction orders (+1 
and— 1 shown). The diffraction grating is here being used as a beam splitter.O 



Referring to figure 3, ancillary optical modules (5, 6 and 7) are introduced into each diffraction 
order, such that each module acts to modify the optical transfer ftmction (OTF) associated with a 
single diffraction order. Each ancillary optical module may modify the OTF in a different way 
and may consist of one or more lenses or other optical components. One or more diffraction 
orders may not contain an ancillary optical module. 



Use of Defocus-Onlv Ancillary Optical Modules 

If the ancillary optical modules modify the OTF associated with each diffraction order such that 
each order imdergoes an additional degree of defocus, then the images of the object (2) will occur 
in a different image plane in each diffraction order (figure 3). The position of the image plane in 
each diffraction order is determined by the properties of the optical syston (1) and the ancillary 
optical module that intercepts light scattered into the diffraction order. An example of an optical 
element that will produce an additional degree of defocus is a lens. 



Tlie function of the optical arrangement shown in figure 3 can be consida-ed in a different way, 
as shown in figure 4, where a single detector plane (8) is considered Ancillary defocus-only 
optical modules (5, 6 and 7) are placed in the —1 , 0 and +1 diffracted beams, such that the three 
images formed in each diffraction order at the detector plane (8) correspond to in-^focus ims^es of 
three different object planes 9, 1 0 and 1 1 . The zero order will be the sum of the out-of-focus 
images of objects 9 and 1 1 and an in-focus image of object 10. If the degree of defocus is 
sufficient, a good image of object 1 0 will result Similarly, objects 9 and 1 1 are discernible in the 
+1 and -I diffraction orders. The system therefore generates, side-by-side, simultaneous hnages 
of tiiree different object planes at a single detector plane. The separation of the object planes can 
be arbitrarily controlled through choice of suitable ancillary optical modules. 
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Use of Spherical Aberration Ancillary Optical Modules 

The ancillaiy optical modules can be designed to modify the OTF associated with each 
diffraction order such that each order undergoes an additional degree of spherical aberration 
(SA). An example of an optical element that will produce an additional degree of SA in a 
converging beam is a plane-parallel glass plate (JBraat, 'Analytical expressions for the wave- 
front aberration coefficients of a tilted plan-parallel plate', Applied Optics. VoL36, No.32, 
8459,1998). 



Referring to figure 5, the optical system (1) and diffraction grating (4) can be used to image 
different object planes (9, 10 and II) onto detectors (1-2, 13 and 14) in different image planes. 
O When the different object planes are within a substrate (15), SA is introduced by the propagation 
;g of light through the substrate, to a degree dependent on the thickness of substrate above each 

plane. This S A degrades the images to a different extent in each diffraction order. Ancillary 
:,C spherical aberration-only optical modules (5, 6 and 7) can be used in each diffraction order to 
J ' correct for the SA introduced by the substrate, allowing diffraction iimted imaging of multiple 
J':^ object planes simultaneously, with the different detectors. 

Jil This technique can be used to read from multi-layer optical data storage media. Referring to 
figure 5, the storage medium 15 now comprises discrete optically readable planes 9, 10 and 1 1 
having individual data storage elements (not shown) located thereon and is illuminated by means 
not shown. The elements could, for example, be an area of the plane in which a hole or pit is 
used to designate a logical 1 and the absence of a hole or pit is used to designate a logical 0. 
However, this example is not limiting: other embodiments are known to, or would be obvious to, 
persons skilled in the art including multi-level systems in which the elements may exist in more 
than the two states of a binaiy system. 

The data storage elements are imaged simultaneously at detectors 12, 13 and 14. The detectors 
are capable of producing a signal dependent on the state of the storage element and could be a 
photodiode or a photo transistor. Ancillary optical modules 5, 6 and 7 are designed to correct for 
the spherical aberration associated with each data layer producing images of dififracdcm limited 
size on the detectors. 



i 
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The optica] sysiem 1 may be designed to correct for the spherical aberration associated with one 
data layer in the storage medium. In this case, the diffraction order imaging that layer would not 
require ancillary SA correction optics. Optical modules in other orders would be designed such 
that the combination of SA correction introduced by the optical system (1) and by the ancillary 
optical modules (5, 6 and 7) would correct for SA introduced by the substrate. 

In order to facilitate interrogation of different data elements within each plane, the apparatus 
includes means (not shown) for effecting relative movement, in a direction perpendicular to 
optical axis, between the storage medium 15 and the rest of the apparams. Such means might 
comprise an electromechanical arrangement known to a person skilled in the art 

Use of Defocus and Spherical Aberration Ancillary optical modules. 

By combining defocus and spherical aberration functions into each ancillary optical module (for 
example using a lens and parallel plate combination) multiple object layers can be imaged 
simultaneously onto a single image plane with automatic spherical aberration correction for each 
object layen 

For example, in figure 6, the ancillary optical modules (5, 6 and 7) combine SA correction and 
defocus correction such that the images of each data layer ( 9, 1 0 and 1 1) are formed in the same 
image plane. The data storage elements are imaged simultaneously at detectors 12, 13 and 14, 
which are in the same plane. The ancillary optical modules simultaneously correct for the 
spheric^ aberration associated with each data layer producing images of diffraction limited size 
in the detector plane. 
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Claims 

1. An apparatus for producing simultaneously a plurality of spatially separated images 
comprising: 

an optical system (1) axian^ to produce an image associated with a first optical transfer 
function; 

a diffraction grating (4) airanged to produce, in concert with ttie optical system, imag^ 
associated with each diffraction order; 

ancillary optical modules (5, 6» 7) operating on individual diffraction orders and 
means for detecting the images, 

wherein the optical system (1) and difEraction grating (4) are located on an optical axis the 
dif&action grating (4) is located in a suitable grating plane and die ancillary opdcal modules 
(5, 6, 7) modify the optical transfer functions associated with the images 

characterised in that the optical system (1) and diffiraction grating (4) aro anMiged such that a 
plurality of object planes (9, 10, 1 1) are imaged and each image associafied with a dif&acUon 
order conesponds to a different object plane. 

2. The apparatus of claim 1 where the ancillary optical modules generate different amounts of 
defocus in the images associated with each diffi^ction order. 

3, The apparams of claim 1 where the anciUary optical modules generate different amounts of 
spherical aberration in the images associated with each diffraction order. 

4, The apparatus of claim 1 where the ancillary optical modules generate different amounts of 
defocus and spherical aberration in the images associated with each diffraction order. 

5- The apparatus of cl^ms 3 and 4 where the spherical aberration of images associated with 
each diffraction order is arranged to correct for spherical aberration associated with the 
different thickness of substantially parallel plates in object space. 

6. An apparatus according to claim 1 whereby the diffraction grating comprises a set of two 
or more diffraction gratings designed such that the various diffraction orders are spatially 
separated. 
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7. An apparatus according to claim 1 whereby the diffraction grating is any one of an 
amplitude-only diffraction gratings a phase only diffraction grating or a phase and amplitude 
diffraction grating and any one of a reflective or a transmissjve grating and any of these in 
which the grating lines are not plane parallel. 

8. An apparatus according to claim 1 whereby die grating is a two-level (binary), a multi- 
level (digitised) or a continuous-level (analogue) structure* 

9. The apparatus of claim 1 where each object plane con^ns an array of eleixients* citable of 
existing in at least two staiBS and in which the detector means (12, 13, 14) is capable of 
distinguishing between said states. 

10. An apparatus for reading data from a three dimansional optical storage medium wherein 
object planes are located within the medium comprising an ^pamtus according to claim 9 
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